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ABSTRACT: The interaction of the human adenovirus proteinase (AVP) and AVP-DNA complexes with
the 11-amino acid cofactor pVIc was characterized. The equilibrium dissociation constant for the binding
of pVIc to AVP was 4.4µM. The binding of AVP to 12-mer single-stranded DNA decreased theKd for
the binding of pVIc to AVP to 0.09µM. The pVIc-AVP complex hydrolyzed the substrate with a Michaelis
constant (Km) of 3.7 µM and a catalytic rate constant (kcat) of 1.1 s-1. In the presence of DNA, theKm

increased less than 2-fold, and thekcat increased 3-fold. Alanine-scanning mutagenesis was performed to
determine the contribution of individual pVIc side chains in the binding and stimulation of AVP. Two
amino acid residues, Gly1′ and Phe11′, were the major determinants in the binding of pVIc to AVP,
while Val2′ and Phe11′ were the major determinants in stimulating enzyme activity. Binding of AVP to
DNA greatly suppressed the effects of the alanine substitutions on the binding of mutant pVIcs to AVP.
Binding of either or both of the cofactors, pVIc or the viral DNA, to AVP did not dramatically alter its
secondary structure as determined by vacuum ultraviolet circular dichroism. pVIc, when added to Hep-2
cells infected with adenovirus serotype 5, inhibited the synthesis of infectious virus, presumably by
prematurely activating the proteinase so that it cleaved virion precursor proteins before virion assembly,
thereby aborting the infection.

Like many virus-coded proteinases, the human adenovirus
serotype 2 proteinase (AVP)1 is required for the synthesis
of infectious virus (1). Late in infection, young virions are
formed in which six of the 12 different major proteins are
present in precursor form. In the young virion, approximately
70 AVP molecules become activated (2), and they cleave
multiple copies of the six virion precursor proteins more than
3200 times, thereby rendering the virus particle infectious
(3). A temperature-sensitive mutant of adenovirus was shown

to lack proteinase activity at the nonpermissive temperature
(1); the mutation mapped to the L3 23K gene (4). The L3
23K gene has been cloned and expressed inEscherichia coli,
and the resultant 204-amino acid protein, AVP, has been
purified (5-7).

An unusual aspect of AVP is that it requires two cofactors
for maximal activity. One cofactor is pVIc, the 11-amino
acid peptide from the C-terminus of the precursor to pro-
tein VI, pVI. The amino acid sequence of pVIc is
GVQSLKRRRCF (5, 8). The four amino acid residues
preceding pVIc in pVI constitute an AVP consensus cleavage
sequence; thus, AVP can cleave out its own cofactor. Another
cofactor is adenovirus DNA (Ad DNA) to which AVP binds
nonspecifically, i.e., independent of any specific DNA
sequence (5). The two cofactors increase the specificity
constant,kcat/Km, for substrate hydrolysis. For an AVP-pVIc
complex, the level of increase inkcat/Km, relative to AVP
alone, is 1130; for an AVP-Ad DNA complex, it is 110,
and for an AVP-pVIc-Ad DNA complex, it is 34100 (31).
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Our model for the temporal and spatial regulation of AVP
activity illustrates how the virus could make use of the
cofactors. AVP is initially synthesized in an inactive form
and remains inactive until it enters virions which are in part
assembled from precursor proteins. If the proteinase were
active before virion assembly, it would prematurely cleave
virion precursor proteins. Presumably, cleaved precursor
proteins cannot form virus particles. Late in infection, in the
nucleus, virion proteins assemble into empty capsids (10).
Once formed, the viral DNA and core proteins are encapsi-
dated, generating young virions. We postulate that the
proteinase enters the empty capsids along with the viral DNA
to which it is bound. The AVP-DNA complexes become
positioned next to the proteinase consensus cleavage sites
on pVI where cleavage liberates pVIc. Liberated pVIc
molecules can then bind to the proteinases that cut them out.
The ternary complex, AVP-pVIc-DNA, contains a fully
active enzyme capable of cleaving viral precursor proteins.
AVP-pVIc complexes encounter and cleave viral precursor
proteins by moving along the viral DNA via one-dimensional
diffusion, much like RNA polymerase moves along DNA
looking for a promoter.

The crystal structure of an AVP-pVIc complex has been
determined to 2.6 Å resolution (11). The AVP-pVIc
complex is ovoid (Figure 1). There are two domains in the
protein. One domain contains the largeâ-sheet and two
peripheralR-helices. The other domain is composed mostly
of R-helices, one from the N-terminus and the remainder
from the C-terminus of AVP. These helices form the lower
middle to the wide end of the molecule. pVIc appears to act
like a strap that holds the two domains together in a
configuration that is optimal for efficient catalysis. The
crystal structure of the AVP-pVIc complex indicates it is a
cysteine proteinase.

Here, the binding of pVIc to AVP is characterized by
measuring the equilibrium dissociation constant,Kd, in the
presence and absence of DNA. For AVP-pVIc complexes,

the Michaelis constant (Km) and the catalytic rate constant
(kcat) for substrate hydrolysis were determined. To identify
amino acid residues in pVIc that are essential for the binding
of pVIc to AVP and for the stimulation of AVP activity by
pVIc, alanine-scanning mutagenesis was performed. Each
amino acid of pVIc, except for Cys10′, was individually
replaced with an alanine residue. Characterization of Cys10′
of pVIc will be the subject of a separate communication.
The 10 mutant pVIcs were assayed for their ability to bind
to AVP in the presence and absence of 12-mer single-
stranded (ss) DNA, and theKd values were determined. With
the mutant pVIcs bound to AVP, theKm andkcat for substrate
hydrolysis were measured. Changes in proteinase secondary
structure on binding pVIc and DNA were investigated by
vacuum circular dichroism. Finally, pVIc was shown to act
as an antiviral agent when prematurely introduced to AVP
early in an infection.

MATERIALS AND METHODS
Materials.pVIc and the mutants of pVIc were purchased

from Research Genetics (Huntsville, AL). The 12-mer
ssDNA with the sequence GACGACTAGGAT was pur-
chased from Life Technologies (Rockville, MD). Bovine
serum albumin and Ellman’s reagent or 5,5′-dithiobis(2-
nitrobenzoate) (DTNB) were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Reduce-Imm Column and buffers
were purchased from Pierce Chemical Co. (Rockford, IL).
Octyl glucoside was purchased from Boehringer Mannheim
(Ridgefield, CT). (S)-9-(3-Hydroxy-2-phosphonylmethoxy-
propyl)adenine (HMPMA) was kindly provided by A. Holy
(Institute of Organic Chemistry and Biochemistry, Prague,
Czech Republic). The fluorogenic substrate (Leu-Arg-Gly-
Gly-NH)2-Rhodamine was synthesized and purified as
described previously (5, 12). AVP was purified as described
previously (5, 13).

Assay for Proteinase ActiVity. Assays contained, in 1 mL,
10 mM Tris-HCl (pH 8), 5 mM octyl glucoside, 25µL of
Pierce peptide Reduce-Imm column buffer, 20 nM AVP, and
20 mM NaCl in the absence of DNA or 10 nM AVP and no
NaCl in the presence of 1µM 12-mer ssDNA, 3µM (Leu-
Arg-Gly-Gly-NH)2-rhodamine, and the indicated concentra-
tions of pVIc. Assay mixtures were preincubated for 5 min
at 37°C prior to the addition of substrate to allow the binding
equilibrium to be reached. The increase in fluorescence was
monitored as a function of time in an ISS (Urbana, IL) PC-1
spectrofluorometer. The excitation wavelength was 492 nm
and the emission wavelength 523 nm, both set with a band-
pass of 8 nm.

Activity assays for measuringKd values for the binding
of pVIc and mutants of pVIc to AVP or the AVP-DNA
complex contained substrate concentrations 5-fold greater
than theKm. Activity assays for measuringKd values for the
binding of pVIc and mutants of pVIc to AVP in the presence
of DNA contained concentrations of DNA 5 times greater
than theKd for the binding of AVP to DNA. Activity assays
for measuringKm and kcat for AVP or the AVP-DNA
complex saturated with wild-type or mutant pVIc contained
concentrations of pVIcs 5-fold greater than theirKd.

Protein Concentrations.Protein concentrations were de-
termined using the BCA protein assay from Pierce Chemical
Co. For the concentration of AVP, a calculated molar
absorbance coefficient at 280 nm of 26 510 M-1 cm-1 was

FIGURE 1: Structure of the AVP-pVIc complex. The two domains
of AVP are colored yellow and green. pVIc is colored cyan. The
residues involved in catalysis in the active site are colored red.
The disulfide bond between Cys104 of AVP and Cys10′ of pVIc
is colored orange.
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also used (14). Prior to an assay, pVIc and the alanine
mutants of pVIc were reduced by being passed through the
Reduce-Imm column following the manufacturer’s instruc-
tions. The concentrations of pVIc in the column fractions
were determined by titration of the cysteine residues with
Ellman’s reagent. The titration was performed by incubating
490µL of Reduce-Imm column buffer, 16.5µL of Ellman’s
reagent, and 10µL of the column fraction. After 10 min at
ambient temperature, the absorbance at 412 nm was deter-
mined. The concentration of pVIc was calculated using an
extinction coefficient for thionitrobenzoate of 14 150 M-1

cm-1 (15).
Concentrations of Assay Components.For those assays

in which Km andkcat were determined, the concentration of
wild-type or mutant pVIc was usually 5-fold greater than
its Kd for binding to AVP. However, for those mutant pVIcs
that had very highKd values, the concentrations of pVIc were
less than saturating. The concentration of the active complex
(AVP-pVIc) under those conditions was calculated as
follows:

where [pVIc]0 is the initial concentration of pVIc and [AVP]0

is the initial concentration of AVP.
Measuring the Kd. The equilibrium dissociation constant,

Kd, for the binding of pVIc to AVP was determined as
follows. Different concentrations of pVIc, [pVIc]i, were
added to a constant amount of AVP, [AVP]0. After 5 min at
37 °C, the substrate was added and the rate of substrate
hydrolysis,Fi, measured. A plot ofFi versus [pVIc]i yields
a rectangular hyperbola. From this graph, the concentration
of pVIc bound, [pVIc]b, can be obtained:

whereFmax is the maximal rate of substrate hydrolysis, i.e.,
the rate when AVP is saturated with pVIc. The concentration
of pVIc free, [pVIc]f, is

From a plot of [pVIc]b versus [pVIc]f , the Kd can be
calculated.

Calculation of Free Energies.The change in the change
in free energy (∆∆GB) upon binding of an alanine mutant
of pVIc to AVP was calculated as follows:

whereR is the gas constant andT is the absolute temperature.
The change in the change in transition state stabilization

(∆∆GT
/) with an alanine mutant of pVIc bound to AVP was

calculated:

wherekcat is the turnover number andKm is the Michaelis
constant for mutant or wild-type pVIc bound to AVP.
∆∆GT

/ represents the change in free energy to reach the
transition state complex (E‚S*) from the free enzyme and
substrate (E+ S).

Calculation of SolVent Accessible Surface Areas.Solvent
accessible surface areas were calculated using Naccess 2.1.1
(16) and are expressed as the percentage of accessible surface
area as compared to that of an X-Ala-X tripeptide.

Vacuum UltraViolet Circular Dichroism.Vacuum ultra-
violet circular dichroism (CD) spectra were obtained using
the vacuum spectrometer at station U9B of the National
Synchrotron Light Source at Brookhaven National Labora-
tory (17, 18). Experiments were performed at room temper-
ature in a quartz cell with a 12.5µm path length. Protein
concentrations were∼5 mg/mL. The value for a background
that contained all the components except AVP was subtracted
from the experimental data.

Propagation of Cells and Virus.Hep-2 cells, a continuous
cell line derived from a human epidermoid carcinoma of the
larynx, were obtained from American Type Culture Collec-
tion (Rockville, MD). The cells were grown in minimal
essential medium (MEM) from Gibco-BRL (Gaithersburg,
MD) supplemented with 5% fetal bovine serum (FBS) from
Hyclone Laboratories (Logan, UT) and 0.1% NaHCO3.
Adenovirus serotype 5 was obtained from American Type
Culture Collection.

RESULTS AND DISCUSSION

Interaction between pVIc and AVP Based upon the Crystal
Structure. The interaction between pVIc and AVP is
extensive and includes main chain hydrogen bonds ac-
companied by side chain hydrogen bonds, ion pair interac-
tions, van der Waals interactions, and a disulfide bond
(Figure 2). There are 24 non-â-strand hydrogen bonds, six
â-strand hydrogen bonds, and one covalent bond (11). The
four N-terminal amino acid residues of pVIc interact via
hydrogen bonds and van der Waals interactions with residues
located in the helical domain of AVP. The first three amino
acid residues are in a pocket formed by a turn in AVP that
starts at Met141 and extends to Gly152. The bottom of the
pocket is in part formed by Gln112-Val114; this is in a
region close to the oxyanion hole. Amino acid residues 5′-
9′ of pVIc cross between the two domains of AVP, into the
â-sheet domain. pVIc forms the sixth strand of the central

[AVP-pVIc] ) [pVIc]0[AVP]0/(Kd + [pVIc]0)

[pVIc]b ) [AVP]0(Fi/Fmax)

[pVIc] f ) [pVIc] i - [pVIc]b

∆∆GB ) -RT ln[Kd(mutant)/Kd(wild-type)]

∆∆GT
/ ) -RT ln(Km/kcat)mutant- RT ln(Km/kcat)wild-type

FIGURE 2: Structure of pVIc bound to AVP. The five most
conserved amino acids in pVIc (G1′, V2′, R8′, C10′, and F11′) are
colored red. The other amino acids in pVI are colored yellow.
Hydrogen bonds are depicted as dashed black lines, and Cys104
of AVP is colored green. For AVP, carbon atoms are colored white,
nitrogen atoms blue, and oxygen atoms red.
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â-sheet. The penultimate amino acid of pVIc, Cys10′, is
covalently linked via a disulfide bond to Cys104 of AVP.

The C-terminal Phe11′ side chain is locked into a
hydrophobic pocket formed in part from side chain interac-
tions between the amino acid residues of pVIc and AVP.
These interactions suggest that pVIc acts as a strap that brings
the two domains of AVP into the alignment that fosters
efficient substrate binding and catalysis. Two amino acids
in pVIc, Gly1′ and Cys10′, are strictly conserved (Figure
3). Three other amino acid residues seem to tolerate only
one or two substitutions: pVIc2′, mostly Val, sometimes
Leu; pVIc8′, all Arg but one Asn and one Ser; and pVIc11′,
Phe or Tyr.

Kd for the Binding of pVIc to AVP and Km and kcat for
Substrate Hydrolysis by AVP-pVIc Complexes, in the
Absence and Presence of DNA.The Kd for the binding of
wild-type pVIc to AVP and theKm and kcat for substrate
hydrolysis by AVP-pVIc complexes, in the absence and
presence of DNA, were determined as follows. TheKd for
the binding of wild-type pVIc to AVP was measured by
incubating different concentrations of pVIc with 20 nM AVP
for 5 min in the absence or presence of 1µM 12-mer ssDNA,
adding the substrate (Leu-Arg-Gly-Gly-NH)2-rhodamine (5,
12), and measuring the rate of substrate hydrolysis. Under
these conditions, a disulfide bond between pVIc and AVP
will not form, as the half-time for that reaction with pVIc-
saturated AVP is 29 min (W. J. McGrath and W. F. Mangel,
unpublished observation). A plot of the rate of substrate
hydrolysis versus pVIc concentration yielded a rectangular
hyperbola (data not shown). If one assumes that the rate of
substrate hydrolysis at the plateau is the rate from 20 nM
AVP saturated with pVIc, then one can calculate [pVIc]b

and [pVIc]f at any concentration of pVIc, as described in
Materials and Methods. TheKd for the binding of pVIc to
AVP was 4.4µM. In the presence of DNA, theKd dropped
50-fold to 90 nM (Figure 4A). In the absence of DNA, the
Km andkcat values were 2.1µM and 1.08 s-1, respectively
(Table 1). In the presence of DNA, theKm was 3.8µM and
the kcat was 2.9 s-1.

This binding analysis assumes that one molecule of pVIc
binds to one molecule of AVP. To ascertain the stoichiom-
etry, AVP was titrated with pVIc under tight binding
conditions, i.e., conditions under which the enzyme concen-
tration is 5-fold greater than theKd for the binding of AVP
to pVIc. At concentrations of pVIc lower than that of AVP,
there will be no free pVIc and the rate of substrate hydrolysis
will be directly proportional to the concentration of pVIc.
At concentrations of pVIc that are greater than that of AVP,
AVP will be saturated and the rate of substrate hydrolysis
will be independent of pVIc concentration. The data can be
characterized by two straight lines whose intersection point

reflects the stoichiometry of binding. Accordingly, 200 nM
AVP and 0.5µg/mL T7 DNA were incubated with increasing
concentrations of pVIc, and after 5 min, substrate was added
and the rate of substrate hydrolysis determined. TheKd(apparent)

for the binding of pVIc to AVP in the presence of T7 DNA
was 30 nM (data not shown). The data are shown in Figure
4B. Both lines intersect at a point above the abscissa that
implies that the stoichiometry of binding of pVIc to AVP is
1:1. This result is also supported by the crystal structure of
the AVP-pVIc complex, where one molecule of pVIc is
bound to one molecule of AVP (11).

FIGURE 3: Conserved amino acid residues of pVIc. The C-terminal sequence of the precursor to protein VI is shown from the AVP consensus
cleavage site, for the excision of pVIc, to the C-terminus. Sequences were obtained from database searches of the last 15 amino acid
residues of pVI. Identical residues are capitalized, and homologous substitutions are underlined.

FIGURE 4: Binding and stoichiometry of binding of wild-type pVIc
to AVP in the presence of DNA. (A)Kd of wild-type pVIc for
AVP, in the presence of DNA. Activity assays were performed
using 10 nM AVP and 1 mM 12-mer ssDNA, and [pVIc]boundand
[pVIc] free were calculated as described in Materials and Methods.
(B) Stoichiometry of binding of pVIc to AVP in the presence of
DNA. The assays contained 200 nM AVP, 0.5 mg/mL T7 DNA,
and the indicated concentrations of pVIc.
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Alanine-Scanning Mutagenesis. Alanine-scanning mu-
tagenesis was used to determine the contribution of individual
amino acid residues in pVIc to its binding to AVP and to its
stimulation of AVP activity. Each amino acid except Cys10′
was individually replaced with an alanine residue. The
binding affinities of these 10 mutant pVIcs for AVP were
then determined in the presence and absence of 12-mer
ssDNA. With the mutant pVIcs bound to AVP, theKm and
kcat for substrate hydrolysis were measured. The results of
these assays are summarized in Table 1.

The data from the alanine-scanning mutagenesis experi-
ments indicated that only two side chains contribute signifi-
cantly to the binding of pVIc to AVP. Interestingly, in the
absence of DNA, alanine substitution at five positions led
to significantly higher affinity binding. The two amino acid
residues most involved in the binding of pVIc to AVP were

Gly1′ and Phe11′, which bind 13- and 6-fold weaker than
the wild type, respectively. In the absence of DNA, there
was a 200-fold variation inKd over all alanine mutants. In
the presence of DNA, this variation is suppressed to only
14-fold. In particular, the binding defect of Gly1′Ala is
completely eliminated on DNA binding.

Once bound, several amino acids in pVIc are required for
the stimulation of enzyme activity. Both Val2′ and Phe11′
are required for maximalkcat activity in the absence of DNA.
Val2′Ala and Phe11′Ala lowerkcat7- and 5-fold, respectively.
The variations inKm were less dramatic than the variations
in Kd, 3-fold in the absence of DNA and 6-fold in the
presence of DNA. The variation inkcat values in the presence
or absence of DNA was∼8-fold.

Major Determinants of Binding in the Absence of DNA.
Gly1′ is a major determinant in the binding of pVIc to AVP
(Figure 5A). The Gly1′Ala mutant pVIc exhibited aKd for
AVP 13-fold higher than that of wild-type pVIc. In wild-
type pVIc, this N-terminal amino acid residue lies in a surface
loop of AVP. The amide nitrogen of Gly1′ forms hydrogen
bonds with the backbone carbonyls of Met147 and Ile150
and with the side chain carboxyl of Asp142 of AVP (W. J.
McGrath and W. F. Mangel, unpublished observation). The
carbonyl oxygen atom of Gly1′ forms a hydrogen bond with
the nitrogen of Gly152 of AVP. Modeling an Ala in the Gly1′
position results in a steric clash between the introduced
methyl group and the carbonyl of Ile150 and the carboxyl
group of Asp142. This presumably displaces the first amino
acid, disrupting the four hydrogen bonds it normally forms
with the protease.

Phe11′ is the other major determinant in the binding of
pVIc to AVP (Figure 5B). The Phe11′Ala mutant exhibited
a Kd for AVP 6-fold higher than that of wild-type pVIc. In
wild-type pVIc, the side chain of Phe11′ is buried in a
hydrophobic pocket formed by a salt bridge between pVIc
Arg9′ and Glu89 of AVP. In addition, the methylene groups
of the side chains of Arg93 and -103, Ile105, and Leu92 of
AVP line the pocket. Substitution of Phe11′ with Ala should
expose the hydrophobic pocket to solvent, resulting in a
lower binding affinity for the pVIc11′ mutant.

Mutants with ImproVed Binding Affinity.The Gln3′Ala
mutation in pVIc resulted in a cofactor whoseKd for AVP

Table 1: AVP-pVIc Alanine-Scanning Mutagenesis Resultsa

peptide Kd (µM) Km (µM) kcat (s-1)

GVQSLKRRRCF DNA (-) 4.43( 0.46 2.10( 0.76 1.08
(+) 0.09( 0.01 3.83( 0.52 2.9

AVQSLKRRRCF DNA (-) 56.09( 6.67 2.94( 1.40 1.15
(+) 0.08( 0.01 1.69( 0.66 0.75

GAQSLKRRRCF DNA (-) 5.59( 0.26 1.79( 0.63 0.16
(+) 0.07( 0.02 2.87( 0.75 0.89

GVASLKRRRCF DNA (-) 0.04( 0.02 1.86( 0.74 0.41
(+) 0.13( 0.04 7.01( 1.63 6.79

GVQALKRRRCF DNA (-) 4.19( 1.97 3.05( 0.91 0.52
(+) 0.10( 0.03 1.23( 0.45 2.60

GVQSAKRRRCF DNA (-) 0.53( 0.09 3.59( 0.57 0.61
(+) 0.03( 0.01 3.68( 1.46 1.23

GVQSLARRRCF DNA (-) 5.86( 1.17 3.56( 0.95 0.50
(+) 0.42( 0.09 1.83( 0.76 4.20

GVQSLKARRCF DNA (-) 0.28( 0.05 3.90( 0.92 0.50
(+) 0.10( 0.04 1.27( 0.39 1.13

GVQSLKRARCF DNA (-) 3.17( 0.01 3.46( 1.60 0.84
(+) 0.21( 0.02 4.53( 1.85 6.10

GVQSLKRRACF DNA (-) 0.80( 0.23 3.59( 1.30 0.56
(+) 0.14( 0.06 2.39( 0.44 4.98

GVQSLKRRRCA DNA (-) 28.40( 4.05 1.21( 0.38 0.21
(+) 0.24( 0.13 1.81( 0.54 0.73

a Assays were performed in the absence and presence of 1µM 12-
mer DNA. In the presence of 12-mer DNA, the AVP concentration
was 20 nM, and in the absence of 12-mer DNA, the AVP concentration
was 10 nM. Binding and kinetic constants were calculated as described
in Materials and Methods.

FIGURE 5: Two pVIc binding pockets on AVP. (A) Structure of the binding site on AVP for pVIc residues Gly1′ and Val2′. AVP residues
are depicted as CPK spheres. Water molecules are cyan spheres. pVIc residues 1′-3′ are shown in stick format with carbon colored green,
nitrogen blue, and oxygen red. (B) Structure of the binding site on AVP for pVIc residues 9′-11′. The same colors used in panel A are
used in panel B. The disulfide bond is depicted as a yellow bar.
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was 105-fold lower than that of wild-type pVIc. Examination
of the crystal structure of an AVP-pVIc complex did not
reveal why this mutation should have such a large effect on
binding. An alanine at the pVIc3′ position would maintain
the backbone hydrogen bond between the carbonyl oxygen
and the nitrogen of Thr111 of AVP, but it would lose the
side chain interactions with Gln112, Asp142, and the solvent
shell. It is possible that the increased affinity of Gln3′Ala is
an entropic effect and that immobilization of Gln3′ costs
more than is gained from the interactions it makes. Lower
Kd values for AVP were also observed with the mutant pVIcs
that contained alanine substitutions at residues Leu5′, Arg7′,
and Arg9′.

Major Determinants in Stimulating kcat. Clearly, Phe11′
is a major determinant in stimulating the activity of AVP
by pVIc. AVP in a complex with the mutant pVIc,
Phe11′Ala, exhibited akcat for substrate hydrolysis that was
5-fold lower than that for the wild-type AVP-pVIc complex.
Presumably, disrupting the hydrophobic pocket not only
increased theKd but also decreased thekcat.

The other amino acid residue involved in stimulating the
activity of AVP by pVIc was Val2′. The complex of AVP
and pVIc mutant Val2′Ala exhibited a catalytic rate constant
for substrate hydrolysis 6-fold lower than that with wild-
type pVIc. In wild-type pVIc, the side chain of Val2′ lies in
a hydrophobic pocket formed by Phe70, Met112, Val114,
Met141, and Met147 (Figure 5A). Met112 and Val114 are
adjacent to Gln115 that forms part of the oxyanion hole (9).
It is possible that the lack of an extended hydrophobic side
chain at the second position in pVIc causes a repositioning
of the side chain of Gln115, thereby altering the oxyanion
hole such that it is not optimally positioned for efficient
substrate hydrolysis.

Hot Spots in Binding of pVIc to AVP.In protein-protein
binding, the free energy of binding at the level of amino
acid side chains is typically not distributed evenly across
the interface, but is contributed disproportionately by certain
amino acids, known as hot spots (19). This is true for the
binding of pVIc to AVP. A small subset of buried amino
acids contributes the majority of binding affinity, as deter-
mined by the change in the free energy of binding,∆∆GB,
upon mutation of individual residues to alanine.

The two hot spots in pVIc are Gly1′ and Phe11′. Gly1′
and the side chain of Phe11′ are both buried in the crystal
structure. Both residues are largely sequestered from solvent
in the complex, with only 20% of the surface area of Gly1′
accessible and 9% of the surface area of the Phe11′ side
chain accessible. Although Val2′ is involved in changes in
kcat, not Kd, it is also sequestered from bulk solvent, with
only 0.01% of its side chain surface area accessible. The
solvent occlusion of the hot spots in pVIc is consistent with
studies of protein-protein interfaces, showing that solvent
exclusion is a necessary condition for tight binding (19).

The∆∆GT
/ upon substitution of an alanine for Gly1′ was

1.57 kcal/mol, and for substitution of an alanine for Phe11′,
the ∆∆GT

/ was 1.15 kcal/mol. These are the first and last
amino acids of pVIc. The fact that they are hot spots is
consistent with the hypothesis that pVIc acts as a strap that
brings the two domains of AVP into an alignment more
optimal for efficient substrate hydrolysis than in its absence.
The amino acid residues most crucial in the binding of pVIc

to AVP and in stimulating the activity of AVP are conserved
or tolerate only homologous substitution. So far, 18 se-
quences of pVI have been determined (W. J. McGrath and
W. F. Mangel, unpublished observation). The two conserved
amino acid residues strictly conserved in pVIc are Gly1′ and
Cys10′. Gly1′ is conserved because it is part of the proteinase
consensus cleavage sequence, IVGLVG; cleavage of pVI at
this sequence liberates pVIc. Gly1′ is also conserved because
no amino acid side chain can fit into the hairpin of AVP
that is the binding site for Gly1′. Cys10′ is discussed in
another communication. The two other hot spot amino acid
residues, Val2′ and Phe11′, tolerate only hydrophobic
substitutions.

Effect of DNA on the Binding of pVIc to AVP.The effect
of DNA on the binding of pVIc to AVP and on the
stimulation of the activity of an AVP-pVIc complex is
dramatic. TheKd for the binding of pVIc to AVP bound to
DNA decreased 50-fold, to 90 nM, compared to that for the
binding of pVIc to AVP in the absence of DNA. In our model

FIGURE 6: Vacuum ultraviolet circular dichroism spectra of AVP
and AVP-pVIc, AVP-Ad2 DNA, and AVP-pVIc-Ad2 DNA
complexes. Experiments were performed in 10 mM phosphate (pH
7.0). When present, the concentrations of AVP and pVIc were 192
µM, and the concentration of Ad2 DNA was 5.6 nM. Complexes
of AVP and pVIc were formed by incubating an equimolar mixture
for 10 min at 37°C. The circular dichroism signals are expressed
as the differences in the molar extinction coefficient∆ε of the left-
and right-handed components (εL andεR, respectively) of circularly
polarized light as a function of wavelength.

Table 2: Secondary Structures of AVP and AVP-Ad DNA,
AVP-pVIc, and AVP-pVIc-Ad2 DNA Complexes Determined by
Vacuum Ultraviolet Circular Dichroism

sample
R-helixa

(%)

â-sheet
antiparallel

(%)

â-sheet
parallel

(%)
â-turn
(%)

other
structure

(%)

AVP 39 10 6 15 33
AVP-Ad2 DNA 40 9 8 16 30
AVP-pVIc 40 9 5 13 31
AVP-pVIc-Ad2 DNA 40 11 8 12 29
chymotrypsinb 13 25 0 23 38
chymotrypsinb
(calculated from

crystal structure)

10 34 0 20 36

a The data in Figure 6 were analyzed by a method that uses inverse
CD spectra for each of the five major secondary structures of proteins
to predict the fraction of each secondary structure (21). b From ref22.
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for the regulation of AVP activity, we postulate that AVP
bound to the viral DNA cleaves out pVIc from pVI, and the
newly released pVIc will then bind to the AVP that cut it
out. The greater affinity of pVIc for AVP bound to DNA
than for free AVP would ensure the formation of maximally
active, ternary complexes (pVIc-AVP-DNA). Additionally,
the presence of DNA reversed the effects onKd of the alanine

substitutions. For example, theKd of Gly1′Ala for AVP was
56 µM. In the presence of DNA, theKd dropped to 0.08
µM, the same as theKd for wild-type pVIc binding to AVP.
For the alanine mutants of pVIc that exhibitedKd values for
binding to AVP lower than that for wild-type pVIc, the
presence of DNA altered theKd values to that of wild-type
pVIc. For example, theKd for AVP with the Gln3′Ala pVIc
mutation was 0.04µM, compared to 4.4µM with wild-type
pVIc. In the presence of DNA, theKd for the mutant peptide
was 0.13µM, compared to 0.09µM for wild-type pVIc.

The presence of DNA had little effect on theKm values
but did affect thekcat values. With wild-type pVIc, the
presence of 12-mer ssDNA increased thekcat for substrate
hydrolysis 3-fold. With the pVIc alanine mutants, e.g., with
the Val2′Ala mutant, thekcat was 0.16 s-1. In the presence
of DNA, the kcat increased 6-fold to 0.89 s-1, 30% of the
wild-type pVIc value.

Importance of the Cysteine Residue of pVIc.The penul-
timate amino acid in pVIc, Cys10′, is an important amino
acid residue (W. J. McGrath and W. F. Mangel, unpublished
observation). TheKd for the reversible binding of pVIc to
AVP was 4.4µM. TheKd for the binding of pVIc Cys10′Ala
to AVP was difficult to measure and was at least 100-fold
higher than that for wild-type pVIc; theKd decreased at least
60-fold, to 6.93µM, in the presence of 12-mer ssDNA. Once
pVIc Cys10′Ala was bound to an AVP-DNA complex, the
macroscopic kinetic constants for substrate hydrolysis were
the same as those exhibited by wild-type pVIc. Although
the cysteine in pVIc is important in the binding of pVIc to
AVP, formation of a disulfide bond between pVIc and AVP
was not required for maximal stimulation of enzyme activity
by pVIc. At a concentration of pVIc 5 times greater than its
Kd for AVP, the time to reach maximal stimulation of enzyme
activity by pVIc was 3 min, whereas under identical
conditions, the half-time for formation of a disulfide between
pVIc and AVP was 29 min.

Changes in Secondary Structure upon Binding of pVIc to
AVP.The binding of pVIc to AVP has a profound effect on
the rate of substrate hydrolysis in the active site. The pVIc
binding site is quite far from the active site. Thus, one might
expect that upon binding of pVIc to AVP, a signal would
be transduced from the pVIc binding site to the active site
that would be mediated by a change in the secondary
structure of the enzyme. The vacuum ultraviolet circular
dichroism (CD) spectra of AVP and AVP-pVIc, AVP-
Ad2 DNA, and AVP-pVIc-Ad2 DNA complexes are
shown in Figure 6. There was one positive peak at 190 nm
and one broad, negative peak at 215 nm. The spectra were
recorded down to 178 nm because while spectra recorded
down to 200 nm can be used to determine accurately the
amount of R-helix in a protein, they cannot be used to
determine other structures such as parallel and antiparallel
â-sheets (20). The data were analyzed by a method that uses
inverse CD spectra for each of the five major secondary
structures of proteins (21). The results (Table 2) indicated
there was considerableR-helix (40%), ∼10% antiparallel
â-sheet,∼7% parallelâ-sheet, and∼14%â-turns. The data
indicated that the binding of pVIc and/or Ad2 DNA to AVP
did not induce a change in the secondary structure of AVP.

It was surprising that the presence of the cofactors did
not alter the secondary structure of AVP. There are several

FIGURE 7: pVIc as an antiviral agent. Inhibition of the synthesis
of infectious virus by pVIc (A) and by HMPMA (B). Hep-2 cells
were seeded in 12-well plates such that upon incubation at 37°C
overnight, 100% confluent monolayers had formed. The cell culture
medium was then removed, and to each cell monolayer virus at a
multiplicity of infection of 0.001 was added in MEM with 2% FBS.
Every 4 h thereafter until 44 h, the virus was removed and either
50 µM pVIc or 140 µM HPMPA, both in MEM with 2% FBS,
was added to the cells. The cells were incubated at 37°C for 48 h.
For the zero time point, virus and compound were added simulta-
neously and remained with the cells for 48 h. Control experiments
included cells receiving no compound, no virus, or only medium.
The experiments were carried out in duplicate. After a total
incubation time of 48 h, the cells were frozen and thawed and the
lysates serially diluted using a 10-fold geometric dilution series.
Each sample was plated and assayed in triplicate using the CPE
assay described by Barnard et al. (29). Virus titers were calculated
by the Reed-Muensch method described by Sidwell and Huffman
(30). Virus yield reductions were calculated by subtracting the virus
titers at each time point from the virus titer from the wells receiving
no treatment. The reduction in virus yield was then expressed as a
percentage of untreated, virus-infected controls.
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indications that our results on the secondary structures of
the various complexes are reliable. The method of analysis
places no constraint on the sum of structures, and the percent
of a structure is permitted to be negative. Thus, a sum of
structures between 90 and 110% and the absence of a large,
negative percent of structure are indicative of a successful
analysis (21). The sum of structure was 103% for AVP and
for AVP-Ad2 DNA complexes, 98% for AVP-pVIc
complexes, and 100% for AVP-Ad2 DNA-pVIc com-
plexes. As additional controls, we obtained the CD spectrum
of chymotrypsin and analyzed it in an identical way (22,
23). The results compared favorably to the secondary
structure of chymotrypsin determined by X-ray crystal-
lography (Table 2). Far-UV spectra, down to 200 nm, have
been reported by others of mutant and wild-type AVP (24).
Their spectra are quite different from ours and indicate that
the secondary structure of the AVP-pVIc complex is mainly
â-sheet, whereas our data indicate it is mainlyR-helix. The
34% R-helical content and the 15%â-strand content of the
AVP-pVIc crystal structure (11) compare favorably to the
values of 40 and 14%, respectively, calculated from the CD
spectra in this study.

pVIc as an AntiViral Agent.Our model for the regulation
of the adenovirus proteinase activity postulates the enzyme
is synthesized in an inactive form because if it were active
before virion assembly, it would cleave virion precursor
proteins, thereby preventing virion assembly. From this point
of view, pVIc could behave as an antiviral agent. To see if
pVIc can act as an antiviral agent by prematurely activating
the proteinase, we infected Hep-2 cells with Ad5. At the
indicated times after infection, the culture medium was
replaced with medium containing pVIc or HPMPA, a
nucleoside analogue that inhibits viral DNA replication (25-
28). After 48 h, the amount of synthesized infectious virus
was titered.

The results indicated that if pVIc was added between 4
and 16 h after infection, there was no reduction in the level
of synthesis of infectious virus (Figure 7A). However, if it
was added at time zero along with virus or 20 h and beyond,
there was a large reduction in the synthesis of infectious
virus, 99.8% at 28 h. One interpretation of these data is that
they indicate pVIc can enter cells only along with virus and
that, when it does, it aborts the synthesis of infectious virus.
Inhibition was observed with pVIc added at 20 h and later,
because virus is being released and infecting uninfected cells;
the multiplicity of infection was 0.001. Our results are quite
different from those of Rancourt et al. (29). They observed
maximum inhibition when pVIc was added to the medium
4, 7, or 10 h after infection. As a control, a similar experiment
was carried out with HPMPA (Figure 7B). In this case, there
was a 99.8% reduction in the level of synthesis of infectious
virus if HPMPA was added between zero and 12 h after
infection. At 16 h and beyond, the addition of HPMPA had
a lower-magnitude effect on the synthesis of infectious virus.
It is doubtful whether pVIc would be a useful antiviral agent
clinically. However, these data indicate prematurely inducing

enzyme activity is as valid an approach to developing
antiviral agents as is inhibiting enzyme activity.
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